The appearance of agriculture is one of the most striking features of Holocene human history, a feature that has long been studied in an interdisciplinary fashion, bringing archaeology together with plant and animal genetics. This paper reviews new developments in that study, consequent upon recent advances in DNA science. Among these advances is the possibility of complementing modern DNA data with fragmentary evidence of ancient DNA. Following a short account of the historical foundations of this research, studies of plant and animal domesticates based upon variations in protein, modern DNA and ancient DNA are reviewed in turn. The results of these studies are considered against a background of two contrasting models of how agriculture originated and spread, characterized by Blumler (1992) as 'stimulus-diffusion' and 'independent invention'. We argue that existing evidence from DNA supports neither model in its extreme form, favouring instead an intermediate model.
Focus of the review
The beginning of agriculture has often been seen as the major turning point in human ecological history, involving a radical change in the ability of humans to fashion and control nature. As a topic of enquiry it has stimulated archaeology, both in its theoretical development and in guiding programmes of archaeological exploration around the world. To better understand that turning point, archaeology has repeatedly drawn heavily from plant and animal genetics. The micro-evolution of domesticated species has provided a valuable guide to how and where the transition occurred.
With each major development in genetics, that relationship has been renewed, most recently with the advances in molecular genetics. At present, DNA analysis is poised to make a fresh impact. There are three reasons for this. First, the technology of DNA analysis has advanced, such that the mapping of DNA sequences has gained considerable momentum. Second, intensive studies of the human genome are incidentally providing tools to study animal domestication, on account of the large proportion of the human genome shared with other mammals. Third, it is now possible to amplify short lengths of DNA from archaeological samples, and the timespan of agricultural origins is well within the established longevity of ancient DNA.
For these reasons, a review of the implications of recent work in this field is timely. Following a historical summary of relevant work, this review will compare the kinds of genetic information coming from protein analysis to that more recently coming from DNA, and the kinds of phylogenetic patterns that are being
Genetic arguments and agricultural origins: a historical background
The seminal work of Charles Darwin (1868) established firm links between agriculture's origin and the process of evolution, by using 'artificial selection' within the former as a template for 'natural selection' within the latter. Very soon after that publication, the study of plant and animal remains from archaeological sites was sufficiently well developed for the analogy to be pursued further. Scattered references to archaeologically preserved fragments of food species can be found in reports of the eighteenth and earlier nineteenth centuries. A few years after Darwin's publication, some particularly low water levels in the Swiss lakes revealed the first major assemblage of prehistoric crop plants, which Oswald Heer applied in an evolutionary sense, taking into consideration morphological change in seeds and fruits through time (Keller, 1866) .
In the case of food plants, archaeological remains often retain clear phenotypic evidence of the early stages of genetic selection by humans, in the form of a fruit modified to suit dispersal by humans rather than natural agencies. The change in fruit morphology of a number of seed crops, observable both in modern plants and in archaeological material, remains a simple and powerful route to genetic information about the beginnings of artificial selection. This route was developed by de Candolle in the later nineteenth century, and has been pursued by archaeobotanists and plant geneticists in the twentieth century (Zohary and Hopf, 1993) .
Genetic markers are not always easily discerned in archaeological plant remains, and even less so in animal remains. For this reason, other visible features, such as measurements of length and breadth, have been used to identify the genetic transformations associated with domestication in the archaeological record. While many accounts of domestication are heavily dependent on characters of this kind, it is difficult to be sure that the observed variation on which they depend relates to genetics rather than to nutrition, environment or such post-mortem transformations as the change of seed shape during carbonization.
Another dimension of genetic variation that has significantly informed studies of agricultural origins is the biogeographical approach taken by Nikolai Vavilov. On the basis of his maps of contemporary taxonomic diversity (Vavilov, 1992) , he proposed geographical centres of origin of crop plants, corresponding to regions in which the diversity of crop varieties was high. Vavilov's thesis has subsequently formed the basis of much archaeological exploration of early farming sites throughout the world, and the general principles of his approach were extended from plants to animals (cf. Braidwood et al., 1983) .
With the growth of molecular genetics, phylogenetic variation within species brought a new level of detail to the analysis of domestication. In the first instance, these more detailed phylogenies were based on protein variation (e.g., Bretting, 1990; Pinkas et al., 1985; Ladizinsky and van Oss, 1984; Loftus et al., 1994) . Most recently of all, advances in molecular science have shifted the emphasis from protein to DNA.
The final innovation that has quickly followed the methodological advances in modern DNA analysis is their extension to the fragmented ancient DNA that survives in small quantities within the archaeological record. The survival of fragmentary DNA in archaeological tissue has been recognized for over 20 years. In the 1970s degraded nucleic acid fragments were detected in emmer from prehistoric Fayum (6.4 Kya) and Tutankhamen's tomb (3.3 Kya) (D.J. Osborne, personal communication, cited in Rollo, 1985) . A decade later, short DNA strands were isolated from cress seeds from Thebes (3.3 Kya) (Rollo, 1985) . In the same year, Rogers and Bendich (1985) claimed to have recovered DNA from several genera of up to 45 Ky in age. None of these early studies paid especial attention to the problems of contamination, which would nowadays be considered a critical issue. Each of these early studies related to specimens displaying unusually good general preservation, generally through desiccation, and the various processes referred to as 'mummification'. Remnant DNA was also reported in various kinds of mummified animal tissue, though in these cases domesticates were not a specific focus of study.
A turning point in ancient DNA analysis came with the application of the Polymerase Chain Reaction (PCR). This reaction would allow infinitesimally small quantities of DNA to be repeatedly duplicated to yield quantities sufficient for routine analysis (Saiki et al., 1988) . It enabled ancient DNA analysis to move in two directions; towards the examination of much older specimens, and to the analysis of less well-preserved archaeological material. As domestication and agriculture have been confined to the relatively short time period of the Holocene, it is the latter development that has been particularly significant for studies of early agriculture. Two key developments in this respect have been the detection of ancient DNA from ordinarily preserved vertebrate skeletal material (Hagelberg et al., 1989) , and the parallel detection of ancient DNA in all the principal preservational categories of Holocene plant tissue (Brown et al., 1993) . These two developments opened up ancient DNA analysis to the widespread and commonplace biological remains in the archaeological record. The Ancient Biomolecule Initiative, a UK NERC thematic programme initiated in 1993, supported a range of projects examining ancient DNA and domestication. These projects involved studies of wheat, sorghum, cattle, horses, New World camelids and the mitochondrial genetics of the early farmers themselves (Ancient Biomolecules, 1999 ).
Prelude to DNA: the protein evidence
Proteins have proven a rich source of information for exploring the micro-evolution of domesticated species. Earlier in the development of molecular genetics, proteins were significantly easier to work with than DNA. For this reason, a sizeable data base on protein variation has been assembled for a number of relevant species. In terms of that protein variation, several of these species share the following feature in common. There is a marked contrast between the level of variation in a domesticated species and that of its wild relatives. It is considerably narrower in the former than in the latter. This contrast has been taken to indicate a localized domestication event involving a particular wild progenitor population whose locality can be identified. Doebley, for example, uses isozymes to compare domesticated Zea mays with a range of wild subspecies of Z. mays found in different localities in Central America (Doebley, 1990; 1995) . The relatively narrow variation within the domesticates matches up with one particular subspecies, Z. mays ssp. parviglumis, found in the river valleys of southwestern Mexico. This subspecies is thus seen as a good candidate for the ancestral population of domesticated maize. Zohary (1996) has similarly pinpointed Aegilops squarrosa var. strangulata, found in the southern margin of the Caspian Sea, as the closest match to the D genome of hexaploid wheats.
Evidence from protein variation does not in all cases narrow the ancestry down to individual populations in single localities. Gepts (1990; 1993) has drawn attention to the diversity of the seed storage protein phaseolin among varieties of Phaseolus vulgaris beans. Beans from Central America and the Andes respectively were found to contain distinct forms of the protein, which matched geographical variations in the phaseolin content of wild forms. Pinkas et al. (1985) have suggested that the allozyme variation in Lens culinaris indicates a dispersed origin of lentil across the Old World (but see also Blumler, 1992; Zohary, 1989; Ladizinsky, 1993) . So it is often the case that domesticated species derive from a restricted section of its wild ancestral gene pool, though a number of variations to this theme have been documented.
The additional potential of DNA analysis
There are a number of avenues that can be explored more successfully with DNA than with protein. Proteins are invariably the consequence of expressed genes. They are subject to the selection pressures to which the organism is exposed, though admittedly to varying degrees. It is therefore not always easy to separate the effects of ancestry and ecology in explaining variation between proteins. By contrast, a large part of most DNA sequences lies outside the coding regions that act as a blueprint for building the organism. These non-coding regions do not engage directly with the 'outside world' and its ecological processes. It is therefore possible to choose sequences for study whose variation is attributable to lineage rather than ecology, and thus explore further, and with more confidence, the micro-evolutionary pathways.
The pathways are built around a number of key concepts. These include 'clade', 'haplotype' and 'molecular clock'. A 'clade' is a group of sequences or organisms that are descended from a single common ancestor. Some clades are characterized by a 'haplotype', which refers to a section of DNA sequence that does not get remixed with every episode of sexual reproduction, thus constituting an ideal marker for a clade. Such sequences include those within the subcellular organelles, such as mitochondria and chloroplasts. It also includes the mammalian Y chromosome, which does not remix with its X chromosome partner. We can talk for example of a mitochondrial haplotype or chloroplast haplotype. The variation between two distinct haplotype sequences is taken to reflect how far back in time the clades they represent converged. These concepts form the building blocks of a phylogenetic tree. Generating a timescale for that tree is a separate problem. In the case of larger-scale evolutionary problems, for example, tracing the ancestry of whole families of species, much use has been made of the 'molecular clock' (Zuckerkandl and Pauling, 1965 ). This clock is based on the presumption that mutations, being in essence chemical flaws, occur randomly. They would therefore tend to accumulate at broadly determinate rates. The molecular clock lacks precision for two reasons. First, the assumed mutation rate can only be measured empirically, by DNA variation between lineages whose common ancestor can be located in time. In studies of human populations, for example, the molecular clock has been calibrated by comparing human DNA sequences with those of the chimpanzee with an estimated divergence time of 4-6MYA, or those of the orangutan with an estimated divergence time of 13MYA. The estimate in each case is based on the fossil record. Clearly the accuracy of the molecular clock depends on the security and chronological precision of the fossil evidence for the organisms being studied. A second problem is that the rate of the molecular clock, and by implication the mutation rate, varies from one part of the genome to another. This is true for the non-coding as well as the coding regions. This variation is poorly understood, and therefore constrains the precision attributable to the clock.
The broad consensus is that the molecular clock provides a valuable guide to the time dimension of larger evolutionary processes, those measured in millions of years. By contrast, problems such as the micro-evolution of domesticates, measured in thousands of years, stretch the molecular clock to the limits of its precision and possibly beyond. One of the principal contributions of ancient DNA analyses is the link they provide between genetic information and archaeological chronologies. The ancient DNA may be poorly preserved, but it can be linked to an archaeological date that is considerably more concrete than one derived from the molecular clock. A second contribution relates to the genetic impoverishment and altered range of many of the wild ancestors of domesticates. In some cases, the relevant ancestral DNA may only be accessible in archaeological remains.
Analyses drawn from modern DNA alone
There are various ways in which DNA have been used to cast light on agricultural origins, some of which form a close parallel to protein based methods. Heun et al. (1997) used a form of DNA fingerprinting, assembled from amplified fragment length polymorphisms (AFLP), to subdivide populations of wild einkorn wheat in the Fertile Crescent of southwest Asia. The approach was similar to how others had used protein polymorphisms to subdivide the wild populations of other crop ancestors (see above). Heun's work added einkorn to the list of crops in which only a narrow part of its wild ancestor's genetic range has survived among the modern domesticates, lending support to the argument for a geographically restricted origin. Of further interest was the apparent match between domesticated einkorn and a wild einkorn population close to a range of very early farming sites, though the basis and implications of such a match have been subject to further debate (Jones et al., 1998; Hole, 1998; Nesbitt and Samuel, 1998) .
There is much potential in applying AFLP analyses to other domesticates in the manner of Heun's work on einkorn, particularly as a first step in assembling lineage patterns. To provide more detailed information about their rates and patterns of evolution, other approaches are applied, which target selected DNA sequences within the genome.
One example of targeting a particular sequence is the work of Vilà et al. (1997) on the domestication of the dog. As with the majority of DNA studies of animal domestication, the target sequence lay within the mitochondrial control region. This is a rapidly evolving region of the mammalian genome, and mutations accumulate at a pace suitable for the study of within species change on an archaeological timescale. Vilà et al. examined this region in 162 wolves and 140 breeds of domestic dog. The latter clustered into 26 mitochondrial haplotypes. Taken together, the wolves and dogs form four clades, whose common origin is estimated to be in the order of 135 000 years ago. Each of these clades contains at least some of the 26 domesticated dog haplotypes. Of particular note is a clade that is composed entirely of domesticated dogs. The simplest explanation of this pattern is that wolves were separately domesticated at least four times, and one of those domestication trajectories has an antiquity that goes back further than Palaeolithic rock art and other records of modern human behaviour. This is an intriguing result, but one that brings to mind the caution attached to depending upon the molecular clock for relatively recent evolutionary dates.
The combined use of modern and ancient DNA
The first instance of using ancient DNA to contribute to genetic studies of agriculture had checking of the molecular clock as one of its objectives. In Allan Wilson's Berkeley Laboratory, Goloubinoff et al. (1993) applied ancient DNA analyses to archaeological plant remains to study the origins of maize domestication. The maize genome was known to encompass a diversity that, following the molecular clock, should be placed well back before the beginnings of maize domestication (Hake and Walbot, 1980; Doebley et al., 1984; Shattuck-Eidens et al., 1990) . For example, in the alcohol dehydrogenase 1 gene of grasses (Adh1), the rate of sequence divergence resulting from mutation has been estimated at 1.6% per million years (Wolfe et al., 1987) . Within a very similar gene in domesticated maize (Adh2), the divergence between varieties has been estimated as 2.2 ± 1.1%. Thus, there is a high probability that the common ancestor to all the Adh2 variants in domesticated maize existed over a million years ago, while the domestication of maize took place only a few thousand years ago.
In the context of a prevailing view that maize domestication was an isolated event, Goloubinoff et al. were interested in exploring the possibility that the molecular clock might run faster following domestication. If this were the case, the clock would generate a spuriously ancient convergence point, accounting for the above result. Maize cobs taken from deposits of different ages would display the fast running of the clock in the form of growing sequence diversity through time. The older the specimens the lower the sequence diversity would be. They chose maize cobs ranging in date from 400 to 4/5000 BP and studied Adh2 sequences in these and a range of modern Zea mays specimens. The pair-wise difference among Adh2 alleles did not diminish with antiquity. Instead, the level of difference within archaeolog-ical specimens was high, estimated at 2.8% ± 0.6%. The conclusion was that such a high difference was inconsistent with an accelerated clock. It reflected instead the multiple lineages reaching the genome of modern domesticated maize. Moreover, the parsimony trees derived from Adh2 data, and bringing together ancient maize, modern maize and teosinte, displayed no clustering of the cultivars to any particular teosinte line. Rather, many maize alleles are more closely related to teosinte alleles than to the other maize alleles, and vice versa.
While the protein variation in maize had suggested a restricted and localized origin for its domestication, the Adh2 gene was indicative of a number of genetic lineages contributing to modern maize, from throughout the wild Zea mays population. As maize is an out-pollinator, there are various ways of accounting for this. Maize could have been domesticated on several occasions. Alternatively, it could have been heavily subject to introgression from wild teosintes during its southerly spread with the expansion of agriculture. Goloubinoff et al. point out that, if the latter were the case, it would have needed to occur very early on in the history of domesticated maize. This is because the South American varieties on which the analyses were based had been separated from wild teosinte populations at a very early stage in their migration south from Central America. The introgression argument is also more difficult to match up with the evidence from chloroplast DNA. A basic attribute of agriculture is the care and enclosure of the maternal parent. We would expect introgression from the wild to result from male pollen rather than the immobile female gametes, which bear the chloroplast DNA. Doebley (1990) has recognized four distinct chloroplast haplotypes among cultivated maize, more than can be related to any single wild population. While Doebley argues that this too could be the result of introgression, given the agrarian behaviour of the associated humans, the mechanism of such introgression is less clear than it is in the case of pollen DNA.
Wheat has been the subject of a series of combined modern and ancient DNA studies conducted by Brown and colleagues (Brown et al., 1993; 1994; 1999; Allaby et al., 1994; Sallares et al., 1995) . The wheat genus includes a range of ploidy levels, several domesticated species and possibly three separate domestication pathways, via Triticum monococcum, T. dicoccum and T. timopheevi, though the status of the latter as a crop is poorly understood. The first two of these wheat species are among the founder crops in the southwest Asian Fertile Crescent, which remains the region with the earliest archaeological dates for agriculture. One of these, T. monococcum, einkorn wheat, was the subject of Heun's study, discussed above. Brown and his colleagues have examined a number of wheat species including the other founder crop, T. dicoccum, emmer wheat.
They paid particular attention to the high molecular weight (HMW) glutenin genes and their adjacent non-coding regions. While these sequences are highly conserved, relative to the domestication timescale, they display sufficient polymorphism to yield phylogenetic information for the wheat genus as a whole, and for subgroups within the different ploidy levels. Allaby et al. (1999) have collated glutenin sequence data from modern wheats and related grasses representing all three ploidy levels and from ancient specimens from the Aegean Bronze Age and subalpine Neolithic. Within the B-genome, which forms a component part of most tetraploid and hexaploid wheat genomes, a clear pattern of internal polymorphism was discerned, consistent with a very distant convergence of lineages. The authors concluded that tetraploid emmer wheat, and the hexaploid bread wheat (T. aestivum) each comprise multiple lineages with respect to this region, whose common ancestor is found much earlier than the earliest agriculture ( Figure 1) .
As well as providing phylogenetic information along the line of the examples above, ancient DNA analyses can contribute to showing relationships between the alleles of the Glu-B1-1 gene. The alleles fall into two subgroups (labelled alpha and beta). According to the molecular clock for wheat genes, these two subgroups diverged between 1.4 and 2.0 million years ago , but alleles from both subgroups are present in varieties of domesticated emmer wheat. The implication is that those varieties are derived from two distinct lineages of wild wheat (redrawn from Brown, 1999: Figure 2 ). our understanding of the ancestral population itself. This is illustrated by studies of another major world crop -rice. The origins of rice domestication have been sought within the 'Eastern Fertile Crescent', a region spanning Burma, Thailand and Laos, where wild rice species are currently widespread. The earliest archaeologically attested rice grains are, however, found outside this region. They have been recovered instead several hundred kilometres further to the north in the Yangtse Valley of China. A range of modern and ancient rice grains have been analysed for ancient DNA by Sato and his colleagues (Chen, 1993; Chen et al., 1993; Nakamura and Sato, 1991a; 1991b; Sato, 1990; . They found that some key divergences in the form of the grain could be matched to equivalent divergences in the chloroplast DNA sequence. This is reflected as distinctions showing up in restriction fragment length polymorphisms (RFLP), apparently corresponding to the distinction between indica rice and japonica rice strains. Furthermore, indica strains appear to display a characteristic deletion of 69 base pairs in the chloroplast genome (at the ORF100 region within fragment Pst12). It also transpired that these differences could be detected among strains of the modern wild rice, Oryza rufipogon, which Sato takes to be ancestral to the domesticated forms. From Sato's ancient DNA analysis, he was able to argue for the former existence in the Yangtse Basin of a wild rice lacking the deletion, and giving rise to the japonica strains in that basin that lack the same deletion. He inferred that the domestication of indica strains at some distance to the southwest relates to a separate pathway to domestication. Furthermore, this inference was consistent with previous isozyme evidence that had similarly suggested that the two forms of rice had been domesticated independently (cf. Blumler, 1992) .
In this last example, the ancient DNA was used to compensate for what has presumably been shrinkage or shift in the wild populations, accounting for the lack of record of wild rice in the Middle Yangtse Valley today. It is probably the case that many wild relatives of domesticated plants have both shifted distribution and been genetically impoverished, and so could be similarly examined through ancient DNA. In the case of domesticated animals, such impoverishment has, in a number of cases, proceeded as far as extinction.
Ancient DNA, extinct progenitors and lost genetic diversity
A feature which is particularly widespread among animal domesticates is the loss of their wild progenitors to extinction. Several of the larger wild mammals have tended towards extinction during the Quaternary epoch, and those giving rise to domesticates are no exception. Cattle, horse and Old World camels are among those for which a truly wild ancestor is unknown, presumed extinct. Wild camelids do survive in the New World, but their genetic relationship to the domesticated alpaca and llama has been unclear. Ancient DNA analysis has been employed, with varying success, to recover DNA sequences from the wild relatives of such domesticates. The level of success does not directly mirror the apparent quality of preservation. In the case both of wild South American camelids and wild Siberian horse, material has survived in low temperatures with not only teeth and bone intact, but also skin, hair and other soft tissue. The presence of DNA in such specimens has been established, but informative sequences have not been recovered (Lister et al., 1999) . In the case of cattle however, wild cows (aurochsen) from Britain and Ireland, surviving only as bone, have yielded informative sequences. Variation in the mitochondrial control region of modern cattle indicates at least three domestication events, though the relationship with the wild ancestors, in terms of lineage and geography, had remained unclear. Bailey et al. (1996) succeeded in amplifying DNA from the bones of two aurochsen from British cave sites, dated to around 12 000 BP. In the region of the mitochondrial sequence studied, the British aurochsen were very much closer to European 'taurine' cattle than either were to south Asian humped 'zebu' cattle, supporting the argument for an independent origin for at least those two forms of cattle. Subsequent work on modern DNA variations has clarified the history of African cattle, indicating a third independent domestication in that continent .
In addition to exploring extinct progenitors, ancient DNA may also recover lost genetic diversity. In the case both of New World camelids (Stanley, personal communication) and East African sorghum (Deakin et al., 1999) , these analyses have the potential to examine the genetics of the diversity that remains phenotypically evident in unusually well preserved ancient tissue. Deakin et al.; (1998; 1999) successfully amplified sequences of up to 700 base pairs in length from within two nuclear genes, using dry-preserved sorghum grains spanning the last 3000 years from Qasr Ibrim in Egyptian Nubia. Desiccated material from this site is notable for yielding some of the best-conserved ancient DNA fragments so far recovered. Between ancient and recent specimens, the sequences studied remain highly consistent. This was taken to indicate the close phylogenetic relationship among the different forms and ages of sorghum on the site, despite their markedly varied morphology.
Genetic patterns and archaeological explanation
Genetic variation among domesticated species and their relatives has been used in the study of agricultural origins in two ways, and the combined analysis of modern and ancient DNA has implications for each of these. First, the geography of genetic variation among modern varieties has informed discussion of where agriculture began (cf. Vavilov, 1992) . Second, the patterns in that genetic variation have provided models of how it began. The question of how it began has been addressed in terms of two contrasting models. Blumler (1992) characterizes these as 'stimulus diffusion', in which a very localized revolutionary origin triggers cross-continental diffusion and transformation, and 'independent invention', in which more widely dispersed evolutionary pressures lead to multiple origins.
The use of biogeography to explore where agriculture began has continued to follow Vavilov's argument that the original locus of domestication is to be found where the contemporary diversity of related varieties is greatest. This argument has not been without contention (Harris, 1990) , and, even if the correlation is accepted in principle, it remains subject to fluctuations in the Quaternary environment. Vavilov would not have been aware of the scale and pace of environmental change we now believe to have characterized early stages of the Holocene. The dates for domestication span a period during which plant and animal populations shifted dramatically in response to climate change. It is dangerous to assume a simple match between the distribution of a species today and its distribution during that stage of the early Holocene in which domestication began. A notable illustration of a mismatch is found in the case of rice, discussed above. Lesser geographical disparities may be evident in the cases of maize and barley among other crops (Blumler, 1992; Jones et al., 1998) . The point is further evident from Hillman's model of rapid change in the vegetation of southwest Asia preceding the beginnings of agriculture (Hillman, 1996) . The change is most clearly discernible where the wild ancestor has disappeared, as in the case of some plants, e.g., Vicia faba, and several animal domesticates. Ancient DNA can at least provide a link between genetics and the earlier Holocene distribution of the wild relatives. This is seen in the above studies of rice and cattle.
Turning to the second question of how it began, the DNA analyses assist in distinguishing single from multiple genetic lineages leading to domestication, thus bearing on the debate between stimulus diffusion and independent invention. This debate in turn falls with the wider debate about causes of culture change. In the second half of the twentieth century, there has been a marked shift amongst archaeologists and anthropologists away from stimulus-diffusion drivers of cultural change to a greater emphasis upon indigenous developments. There are several reasons for this. They relate both to more detailed knowledge and independent dating of the archaeological record, and to a theoretical shift that has questioned diffusionist assumptions (Renfrew, 1973) . As a consequence, Childe's concept of agricultural origins as revolutionary, historically situated events, triggering diffusion and transformation, has made way for notions of widespread adaptive evolution, affecting different societies in different ways (cf. Higgs, 1972; Harris and Hillman, 1989) . As part of this trend, there has been a growing interest in multiple origins, supporting the independent invention model, among both archaeologists (cf. Barker, 1985) and geneticists (cf. Harlan, 1975) .
We can also recognize a converse trend within genetics, in which the localization and singularity of domestication events has been emphasized, favouring the stimulus-diffusion model. Evidence drawn in support includes: the failure of early farmers to domesticate very similar sympatric species (Blumler, 1992) ; the narrow range of protein diversity among domesticates (Zohary, 1996) ; the allelic pattern of the indehiscence gene (Zohary, 1996) ; and tree-building from AFLP evidence (Heun et al., 1997) . The general drift of this evidence is that the genetic range among domesticates tends to represent only one small part of the range among the potential progenitors. What the ancient and modern DNA analyses have done is to take this general pattern to a finer level of resolution. Although the genetic range of domesticates is often narrow in comparison with its wild progenitor species, with the exception of Heun's work on einkorn, the above studies have one thing in common. Each study of a domesticated species so far conducted has indicated a plural number of clades contributing to the domesticated species, with convergence points that are very distant in time.
This fact alone need not imply multiple origins, as individual progenitor populations may themselves be genetically diverse and subject to introgression following domestication. However, in cases such as rice and cattle, multiple clades come in such distinct biogeographical patterns that multiple origins are surely indicated. Arguments in favour of single, isolated origins often relate specifically to 'founder' domesticates, as opposed to the secondary domesticates incorporated after knowledge of farming had been established. A number of the case studies reviewed here relate to secondary domesticates, and it is worth considering the evidence for the founder domesticates in particular.
Of the species discussed above, einkorn and emmer wheat are both believed to be among the founder crops of southwest Asia. Studies of einkorn by Heun et al. (1997) suggest a very localized origin, whereas studies of emmer by Brown et al. leave open the possibility that at least two clades have distinctive domestication histories. The Chinese dates for rice domestication are now so early that it too must be regarded as a founder crop and one that was subject to multiple domestication. Similarly, the current dates for domesticated maize have reinstated it as a New World founder crop, and the multiplicity of both nuclear and chloroplast haplotypes has been discussed above. Of the founder domesticates for which no ancient DNA studies have been published, the possibility of multiple pathways remains open in a number of cases. Two distinct non-shattering genes are encountered in different varieties of domesticated barley, and this may imply a plural number of pathways (Takahishi, 1964; 1972) . Holwerda et al. (1986) compared nucleotide diversity in the chloroplast and mitochondrial DNA of barley. The genetic range of wild and cultivated barleys was found to be similar, which may also be indicative of multiple pathways. Pinkas et al. (1985) have argued for multiple domestications of lentil, though this remains a much-debated point (cf. Zohary, 1989; Blumler, 1992; Ladizinsky, 1993) . Bitter vetch is another candidate for multiple domestication, and other potential founder crops such as flax and Vicia faba are insufficiently studied to comment either way. The domestication of animals within the Fertile Crescent of southwest Asia appears to occur later than the domestication of plants. Leaving aside the dog, the earliest animal domesticate is probably the goat. Takada et al. (1997) explored DNA sequence variation in modern goats and their presumed ancestor, the bezoar. They examined part of the mitochondrial control region known as the displacement loop, and a slightly slower-evolving region of the mitochondrial genome within the cytochrome b gene. While their principal aim was to confirm the relationship between bezoar and goat, it is interesting to note that, for both DNA regions examined, the sequence divergences were found to be similar in the wild and domestic forms, again suggesting multiple genetic pathways.
While the comparison of genetic polymorphisms between crop species and their ancestors had seemed repeatedly to give support to the idea of single, localized origins, the growing body of DNA data from both plants and animal domesticates is revealing a more complex scenario. In the above case studies, only Heun's study of einkorn is compatible with a convergence to a single clade within the last 10 000 years. While this point on its own need not imply multiple events, a number of the case studies provide ancillary phylogenetic and biogeographical evidence that is best explained in terms of multiple pathways. It would also appear that the contrast in genetic range between domesticate and ancestor is neither universal in crops, nor is it a significant feature of animal domesticates.
Prior to the detailed DNA studies reviewed here, what genetic studies of domesticates had shown is that several plant domesticates are genetically impoverished compared to their wild ancestors. This still stands, and indicates at least some degree of localization of the initial transition. Within that localization, the fine detail provided by DNA analysis is revealing the diversity of what seems to have been a patchy and variable process. It seems neither to have been the universal phenomenon argued in the extreme forms of the independent invention model, nor the singular event implicit in extreme versions of the stimulus diffusion model. The research reviewed above also gives some indication of how the studies of modern and ancient DNA can complement each other. The generation of hypotheses will continue to derive from patterns in modern DNA. These will remain far richer and more complete than anything retrievable from ancient fragments. The contribution of ancient DNA to testing these hypotheses is threefold. First, it can provide a control for inferences from the molecular clock, as illustrated in the maize example. Second, it can retrieve genetic evidence from an extinct ancestor, as in the cattle example. Third, it can supply secure dates and contexts for genetic information from the past. As several of the above examples show, it is possible to develop arguments about agricultural origins from modern data alone. Data from living material are, and will remain, considerably richer and more complete. However, projections back from modern data alone will always tend to simplify the past. This is a direct consequence of employing the principle of parsimony in scientific model-building. Actual historical pathways need neither follow the simplest route nor be entirely consistent from place to place. What securely dated and contextualized ancient DNA fragments add to the very much richer contemporary genetic data base is some of that contingency and complexity that may be edited out of projections back from modern data alone.
